Serotonergic antidepressant drugs have been commonly used to treat mood and anxiety disorders, and increasing evidence suggests potential use of these drugs beyond current antidepressant therapeutics. Facilitation of adult neurogenesis in the hippocampal dentate gyrus has been suggested to be a candidate mechanism of action of antidepressant drugs, but this mechanism may be only one of the broad effects of antidepressants. Here we show a distinct unique action of the serotonergic antidepressant fluoxetine in transforming the phenotype of mature dentate granule cells. Chronic treatments of adult mice with fluoxetine strongly reduced expression of the mature granule cell marker calbindin. The fluoxetine treatment induced active somatic membrane properties resembling immature granule cells and markedly reduced synaptic facilitation that characterizes the mature dentate-to-CA3 signal transmission. These changes cannot be explained simply by an increase in newly generated immature neurons, but best characterized as "dematuration" of mature granule cells. This granule cell dematuration developed along with increases in the efficacy of serotonin in 5-HT 4 receptor-dependent neuromodulation and was attenuated in mice lacking the 5-HT 4 receptor. Our results suggest that serotonergic antidepressants can reverse the established state of neuronal maturation in the adult hippocampus, and up-regulation of 5-HT 4 receptor-mediated signaling may play a critical role in this distinct action of antidepressants. Such reversal of neuronal maturation could affect proper functioning of the mature hippocampal circuit, but may also cause some beneficial effects by reinstating neuronal functions that are lost during development. dentate gyrus | development | mossy fiber | serotonin receptor | serotonin reuptake inhibitor
Serotonergic antidepressant drugs have been commonly used to treat mood and anxiety disorders, and increasing evidence suggests potential use of these drugs beyond current antidepressant therapeutics. Facilitation of adult neurogenesis in the hippocampal dentate gyrus has been suggested to be a candidate mechanism of action of antidepressant drugs, but this mechanism may be only one of the broad effects of antidepressants. Here we show a distinct unique action of the serotonergic antidepressant fluoxetine in transforming the phenotype of mature dentate granule cells. Chronic treatments of adult mice with fluoxetine strongly reduced expression of the mature granule cell marker calbindin. The fluoxetine treatment induced active somatic membrane properties resembling immature granule cells and markedly reduced synaptic facilitation that characterizes the mature dentate-to-CA3 signal transmission. These changes cannot be explained simply by an increase in newly generated immature neurons, but best characterized as "dematuration" of mature granule cells. This granule cell dematuration developed along with increases in the efficacy of serotonin in 5-HT 4 receptor-dependent neuromodulation and was attenuated in mice lacking the 5-HT 4 receptor. Our results suggest that serotonergic antidepressants can reverse the established state of neuronal maturation in the adult hippocampus, and up-regulation of 5-HT 4 receptor-mediated signaling may play a critical role in this distinct action of antidepressants. Such reversal of neuronal maturation could affect proper functioning of the mature hippocampal circuit, but may also cause some beneficial effects by reinstating neuronal functions that are lost during development. dentate gyrus | development | mossy fiber | serotonin receptor | serotonin reuptake inhibitor S erotonergic antidepressant drugs have been widely used to treat mood and anxiety disorders (1) . Although some adverse effects have been reported (1, 2) , there is accumulating evidence for potential use of these drugs beyond current therapeutic application (3, 4) . However, cellular mechanisms underlying broad effects of antidepressants remain largely unknown. In experimental animals, chronic antidepressant treatments can facilitate neurogenesis in the dentate gyrus (DG) of the adult hippocampus (5), a process that has been implicated in some of the behavioral effects of antidepressants (6) (7) (8) . The dentate gyrus is positioned at the entrance of the hippocampal excitatory trisynaptic circuit, and the mossy fiber (MF) from the DG plays a critical role in regulating associative synaptic plasticity in the hippocampal CA3 region (9, 10) . Because physiological properties of granule cells (GCs), the principal neurons of the DG, greatly change with development or neuronal maturation (11) (12) (13) (14) (15) (16) , an increase in a proportion of relatively young GCs by facilitated neurogenesis may alter functional roles of the DG in the hippocampal circuit. However, the majority of the neuronal population in adult DG is composed of mature GCs. Considering the rate of neurogenesis in adult DG reported previously (17) (18) (19) , the number of additional new neurons that can be produced by facilitated neurogenesis in typical animal studies would be only a few percent or less of the total GC number. It remains unclear whether such a small population of neurons can solely make a significant impact on brain functions.
Because behavioral effects of antidepressants are not always accompanied by increased neurogenesis (20) (21) (22) , modifications of functions of existing neurons would also be important for antidepressant action. In mice, fluoxetine, a widely used selective serotonin reuptake inhibitor (SSRI), has been reported to have no significant effects on the neuronal precursor cell proliferation in adult C57BL/6J (23) and BALB/c mice (20, 21) . We have recently examined effects of chronic fluoxetine treatments on serotonergic modulation at the synapse between MF and CA3 pyramidal cells in C57BL/6J mice and found that chronic fluoxetine can stabilize the potentiating effect of serotonin (5-hydroxytriptamine, 5-HT) at this synapse (24) . In the present study, we further characterized cellular and physiological changes in DG and MF synapses caused by chronic fluoxetine. We found that fluoxetine can substantially modify GC functions by transforming the phenotype of normally matured GCs into immature-like one. Our results also suggest that the serotonin 5-HT 4 receptor plays a crucial role in this distinct action of fluoxetine.
Results
Chronic Fluoxetine Down-Regulates Expression of Mature Granule Cell Markers. Adult male C57BL/6J mice were treated with fluoxetine at a dose of 22 mg/kg/day for 4-5 weeks. As described above, the number of additional new neurons produced by the facilitated neurogenesis can be estimated to be a few percent or less of the total GC number. Thus, mature GCs would constitute the majority of DG neurons even after the fluoxetine treatment. To confirm this prediction, we examined expression of calbindin, a marker for mature GCs (17, 25, 26) . In fluoxetine-treated mice, however, calbindin-like immunoreactivity in the GC layer was greatly reduced (Fig. 1A) . In contrast, the number of cells positive for calretinin, a marker for immature GCs at the early postmitotic stage (26) , appeared to be increased (Fig. 1A) . The reduced calbindin-like immunoreactivity in DG was not due to a loss of GCs, because immunostaining for the neuronal marker NeuN and nuclear staining with DAPI were not appreciably affected (Fig. 1A) . Immunoblot and PCR analyses confirmed the marked reduction of protein and mRNA levels of calbindin in DG ( Fig. 1 B and C) . We also examined the effect of To whom correspondence should be addressed. E-mail: kkatsu-tky@umin.ac.jp.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0912690107/DCSupplemental. fluoxetine on expression of potential GC-specific maturation markers, desmoplakin, tryptophan-2,3-dioxygenase, and interleukin-1 receptor type I, whose expression is restricted to dentate GCs (27) and increases with postnatal development similarly to calbindin (Fig. S1) . Consistent with the reduced calbindin level, the expression of all of these genes was also strongly reduced in the fluoxetine-treated mice (Fig. 1C) . These results suggest that most dentate GCs were not properly expressing genes of the mature state after the chronic fluoxetine treatment.
One might imagine that mature GCs were largely replaced by immature neurons generated during the fluoxetine treatment. To address this issue, we labeled neurons generated in neonates with the S-phase marker BrdU and started the fluoxetine treatment after a delay of 9 weeks to allow BrdU-labeled neurons to mature. Double immunostaining analyses just before the fluoxetine treatment showed that BrdU-positive cells in the GC layer were embedded in strong calbindin-like immunoreactivity (Fig. 1D ) and not colocalized with calretinin or doublecortin, a marker for progenitor cells and newborn neurons less than a few weeks old (25) (Fig. S2A) . The fluoxetine treatment strongly reduced calbindinlike immunoreactivity (Fig. 1D ), but had no significant effects on the number of BrdU-positive cells (Fig. S2B) , which argues against the above possibility. Almost all of these BrdU-positive cells were negative for calbindin (Fig. 1D ), but positive for NeuN (Fig. S2C) . Thus, in addition to newborn cells, such immature-like neurons appeared to constitute a substantial part of the calbindin-negative cells in fluoxetine-treated DG. These results suggest that fluoxetine changed the phenotype of GCs that had been generated early in development and had already maturated before the treatment was started.
Fluoxetine-Treated Granule Cells Exhibit Immature-Like Functional
Characteristics. If the reduced calbindin expression indeed reflects a change in the state of GC maturation, functions of these cells would also be altered accordingly. To address this issue, we analyzed stimulus-induced expression of the immediate early gene c-Fos, a marker for the maturity of in vivo activity-dependent responsiveness of GCs (25, 28) . In mice placed in home cages, c-Fos protein was expressed at low levels in the GC layer ( Fig. 2A) . After electrical foot shocks, robust c-Fos protein expression was seen in the control mice. However, this c-Fos expression was strongly suppressed in the fluoxetinetreated mice ( Fig. 2A ). This result can hardly be explained by lack of synaptic activation of GCs, because synaptic inputs to GCs were not impaired ( Fig. S3A) , and GCs were more excitable ( Fig. 2 B and C) and could generate repetitive action potentials after the fluoxetine treatment (Fig. S3B ). In addition, there was no significant difference in the sensitivity to the foot shocks or behavioral immobility during shock intervals between control and fluoxetine-treated mice (SI Methods). These results suggest that the activity-dependent gene expression characterizing the GC maturity was not properly functioning in the fluoxetine-treated mice.
In comparison with mature cells, young GCs can be more easily excited by somatic current injection, because they have higher input resistance and can generate tetrodotoxin (TTX)-resistant, but Ni 2+ -senstive, low-threshold spikes that can boost sodium spikes (12, 14) . Fluoxetine-treated GCs were more excitable ( Fig. 2 B and C), but there was no significant change in the input resistance (Fig. 2C) , membrane time constant, or resting membrane potential (SI Methods). On the other hand, although action potentials in control GCs were completely blocked by TTX in all cases examined (n = 18 cells), a TTX-resistant component was observed in 14 out of 18 fluoxetine-treated GCs (Fig. 2D ). This component was suppressed by Ni 2+ (Fig. 2D) , similarly to the TTX-resistant spike in young GCs. Thus, GCs in the fluoxetine-treated mice exhibited some active membrane properties resembling those in young GCs. Taken together, our results suggest that the fluoxetine treatment changed the functional phenotype of GCs to immature-like one.
We also examined synaptic plasticity in DG. It has been reported that long-term depression (LTD) at the medial perforant path- GC synapse is larger in magnitude in juvenile animals as compared with young adults (29, 30) . In newborn GCs generated in adults, the magnitude of long-term potentiation (LTP) initially appears to be small, but is greatly enhanced during a critical period between 1 and 1.5 months of the cell age (15) . In fluoxetine-treated DG, LTD at the perforant path synapse was enhanced (Fig. S4A) , whereas LTP was reduced (Fig. S4B) . Although the possibility of presynaptic effects of fluoxetine cannot be excluded, these results are in line with the idea that the fluoxetine-treated GCs exhibit immature-like functional properties.
Chronic Fluoxetine Reduces Mossy Fiber Synaptic Facilitation to
Juvenile Level. We then examined properties of dentate-to-CA3 signal transmission mediated by MF, the axon of GC. The mature MF-CA3 pyramidal cell synapse is characterized by exceptionally strong frequency facilitation (13, 27 ) (see Fig. 3A ), a presynaptic enhancement of synaptic strength during higher-frequency transmission (31) . In young mice less than 3 weeks old, the magnitude of the frequency facilitation is much smaller (13) (see Fig. 3E ). Thus, MF synapses, formed by immature-like GCs in the fluoxetinetreated mice, would exhibit smaller frequency facilitation. As predicted, chronic fluoxetine clearly reduced frequency facilitation at the MF synapse at all frequencies examined (Fig. 3 A-C) , but had no detectable effects on the basal synaptic efficacy (Fig. 3D) . This reduced frequency facilitation is unlikely to be due to a decrease in the number of activated GCs during higher frequency stimulation (SI Methods). The magnitude of facilitation in the fluoxetine-treated mice was comparable to that of control mice at postnatal day 10 ( Fig. 3E) , the age around which the putative GC-specific maturation markers are beginning to be expressed (Fig. S1 ). In the fluoxetinetreated group, GCs from mice with smaller frequency facilitation showed higher excitability (Fig. 3F) , and all GCs with the TTXresistant component (see Fig. 2D ) were from mice with greatly reduced 1 Hz facilitation (<300% increase). Therefore, the apparent change in the state of synaptic maturation was in good agreement with that of somatic functional maturation. The effects of fluoxetine on the facilitation depended on the duration (Fig. S5A) and dose of the treatment (Fig. S5 A and B) . Importantly, the reduction in the calbindin protein level induced by fluoxetine exhibited a similar dose and duration dependence (Fig. 1B and Fig. S5 C and D) . These results further support the idea that the fluoxetine-treated GCs were in the immature-like state. The magnitude of frequency facilitation could be a good measure to assess the change in the state of functional maturation of GCs caused by fluoxetine. Although frequency facilitation at the MF synapse has been reported to decrease with postnatal development from 3 to 9 weeks in CD-1 mice (32), this late developmental change was less clear in the present study, probably due to a difference in the strain of mice used.
We examined the possibility that reduced Ca 2+ buffering in the MF terminals due to the loss of calbindin caused the reduction in frequency facilitation. In control mice, an exogenous membranepermeable fast Ca 2+ buffer reduced the basal synaptic transmission and increased the steady-state level of 1 Hz facilitation (Fig. S6) . However, in fluoxetine-treated mice, although the exogenous Ca 2+ buffer similarly reduced the basal synaptic transmission, it did not restore the large facilitation of mature GCs (Fig. S6) . Therefore, the reduced frequency facilitation cannot be simply explained by a decrease in concentrations of fast Ca 2+ buffers in the MF terminals.
Involvement of 5-HT 4 Receptor in Effects of Fluoxetine. We then examined the role of the serotonergic system in changing the apparent state of GC maturation. Another SSRI paroxetine similarly reduced the frequency facilitation (Fig. S5A ) and calbindin protein level (Fig. S5C) , and the effects of fluoxetine on the frequency facilitation and calbindin level were blocked by a lesion of central serotonergic neurons with 5,7-dihydroxytriptamine (Fig. S7) . These results confirmed the importance of the serotonergic system in the modification of the GC phenotype. We have recently shown that 5-HT induces MF synaptic potentiation that is exclusively mediated by the 5-HT 4 receptor (24) (also see below), most likely in GCs, and chronic fluoxetine at 10 mg/kg/day can reduce the magnitude of 5-HT-induced synaptic potentiation (24) . We found that the effect of chronic fluoxetine on 5-HT-induced synaptic potentiation switched from reduction to augmentation with increasing doses of fluoxetine (Fig. 4 A and B) . This augmentation of potentiation significantly correlated with the reduction of the frequency facilitation (Fig. 4C) . To directly address the involvement of the 5-HT 4 receptor in effects of fluoxetine, we examined responsiveness of mice lacking the 5-HT 4 receptor to fluoxetine. In the 5-HT 4 mutant mice, 5-HT had no potentiating effects on MF synaptic transmission (Fig. 4D) . The effect of the gene knockout appeared specific to the serotonergic modulation, because dopamine-induced synaptic potentiation that shares the intracellular pathway with 5-HT at the MF synapse (24, 33) was preserved (Fig. S8A) , and other properties of synaptic transmission were generally normal ( Fig. S8 B and C) . In the wild-type mice, fluoxetine significantly reduced the calbindin level in DG and frequency facilitation at the MF synapse as in normal C57BL/ 6J mice (Fig. 4 E and F) . However, fluoxetine had no significant effects on either calbindin level or frequency facilitation in the 5-HT 4 -deficient mice (Fig. 4 E and F) . These results suggest that the 5-HT 4 receptor plays a critical role in the induction of the immature-like GC phenotype by the chronic fluoxetine treatment.
Discussion
Dentate GCs in the fluoxetine-treated mice exhibited some of characteristics resembling those of immature or developing GCs. The neonatal BrdU-labeling analysis suggested that fluoxetine changed the phenotype of mature GCs. The input resistance and membrane time constant of the fluoxetine-treated GCs were almost the same as those of control cells, suggesting lack of substantial changes in the cell size or gross morphology. In addition, the intact basal synaptic efficacy at both input and output synapses of the fluoxetine-treated GCs implies that the formation of synaptic connection itself was preserved. Young GCs generated during the fluoxetine treatment would be smaller and have higher input resistance than mature cells (12, 14, 16) , and would have less synaptic contacts (16) . Thus, these results are consistent with the idea that the immature-like GCs in fluoxetine-treated mice mostly originated from mature cells. Taken together, our results suggest that chronic fluoxetine reversed phenotypic maturation of adult dentate GCs, primarily in the functional aspect of the maturation. This fluoxetineinduced GC "dematuration" is distinct from any of previously reported effects of antidepressants on DG. However, it is unlikely to be specific to our experimental condition, because the effect of fluoxetine on the MF synaptic facilitation was evident in some of the mice treated at 18 mg/kg/day, the dose used in recent related studies (8, 34) , and the hippocampal expression of calbindin has been reported to be reduced after chronic SSRI treatments (34, 35) . The GC dematuration induced by fluoxetine was characterized by the marked suppression of the expression of calbindin and c-Fos protein. In developing DG, calbindin-like immunoreactivity in the , n = 6; −/− , n = 9). (E) Significant effects of chronic fluoxetine on calbindin levels in wild-type (n = 5 each, P = 0.0159), but not in mutant mice (n = 6 each). (F) Significant effects of fluoxetine on frequency facilitation in wild-type (CNT, n = 6; FLX, n = 5; P = 0.0173), but not in mutant mice (CNT, n = 9; FLX, n = 7). Data are presented as mean ± SEM.
entire GC layer begins to be detected around postnatal day 9 (36), and kainate-induced expression of c-Fos protein in GCs can be detected at postnatal day 13, but not at postnatal day 7 in rats (37) . These previous results are consistent with our finding that the magnitude of frequency facilitation at the MF synapse formed by "dematurated" GCs was comparable to that of control mice at postnatal day 10 ( Fig. S9A) . At this developmental stage, the age of GCs would be about 3 weeks or less in mice, because the cytogenesis in DG starts around embryonic day 12 (38) . In adult-generated GCs, maturational changes in protein expression and somatic electrophysiological properties have been investigated in detail (25) . Our results suggest that the state of fluoxetine-treated GCs is comparable to that of 3-to 4-week-old adult-generated neurons (Fig. S9B ), because (i) the calbindin expression and stimulus-induced c-Fos expression are established in 3-to 5-week-old GCs (17, 25, 28) ; (ii) whereas the number of calretinin-positive GCs was increased by fluoxetine, most cells were negative for this early postmitotic marker; and (iii) GCs less than 3 weeks old hardly generate repetitive action potentials (16) , but fluoxetine-treated GCs did. In other words, fluoxetine reversed the late step of GC maturation. We have recently shown that dentate GCs stay "immature" in adults in mice heterozygous for alpha-calcium/calmodulin-dependent protein kinase II (alpha-CaMKII) (27) . The phenotype of these GCs is similar to that of dematurated GCs in fluoxetine-treated mice: Both alphaCaMKII-deficient and fluoxetine-treated GCs exhibit downregulation of mature molecular markers, suppression of c-Fos expression, increases in GC excitability, and greatly reduced frequency facilitation at the MF synapse. Since GCs in the alpha-CaMKII mutants showed impairment in repetitive spiking and a further trend toward immaturity in general, they are supposed to be in a slightly younger state than the fluoxetine-treated GCs. Thus, on the basis of these properties as a whole, we would be able to define an apparent stage of GC maturation, irrespective of the GCs' exact state of being immature or dematurated. Chronic fluoxetine treatments have also been shown to accelerate early maturational processes of adult-generated GCs expressing doublecortin (8) . Therefore, chronic fluoxetine seems to have bidirectional effects on the GC maturation, depending on the maturational stage of the cells.
In mice lacking the 5-HT 4 receptor, chronic fluoxetine had no significant effects on the calbindin level or frequency facilitation. Because the 5-HT 4 receptor is abundantly expressed in dentate GCs (39) , it may play a cell-automonous role in the fluoxetineinduced GC dematuration, although it is also possible that the 5-HT 4 receptor indirectly contributed to the effects of fluoxetine by increasing the activity of serotonergic neurons (40) . We have recently shown that chronic fluoxetine at 10 mg/kg/day causes reduction of 5-HT 4 receptor-mediated MF synaptic potentiation induced by a relatively high concentration of 5-HT (24) . With increasing doses, the effect of fluoxetine switched from suppression to marked augmentation (Fig. 4B) . The 5-HT 4 receptor is coupled to Gs-cAMP cascades, and 5-HT-induced potentiation at the MF synapse has been shown to be mediated by cAMP (24) . The augmentation of 5-HT-induced synaptic potentiation by fluoxetine could be due to up-regulation of Gs-cAMP signaling cascades (41) . The reduction of frequency facilitation that represents the GC dematuration significantly correlated with the augmentation of 5-HT-induced synaptic potentiation (Fig. 4C) . Taken together, our results suggest that up-regulation of the cAMP cascades downstream from the 5-HT 4 receptor may play an instructive role in the induction of the GC dematuration. It remains to be elucidated whether the 5-HT 4 receptor itself is involved in the up-regulation of its own signaling pathway.
Relatively low excitability of GCs is likely essential for gating of cortical excitation by DG (42) . The prominent synaptic facilitation plays a critical role in regulation of the CA3 neuronal activity and plasticity by MF (9, 10) . The dematuration affected both of these important physiological properties of mature GCs, thereby potentially impeding proper functioning of the adult hippocampus (43) . Similar changes in GC functions and/or in the state of GC maturation have been demonstrated in mice disrupted for the gene encoding alpha-CaMKII (27), brain-derived neurotrophic factor (44) , or the glutamate receptor subunit GluK2/GluR6 (10, 45) . The deficiency in either of these genes has been shown to cause substantial behavioral abnormalities (27, 46, 47) , which supports the idea that the GC dematuration can potentially cause dysfunction of the adult hippocampus. On the other hand, the increased GC excitability caused by the dematuration may improve some pathological conditions, such as reduced GC activity in animals exposed to chronic stress (7) . The enhancement of LTD at the perforant path-GC synapse in fluoxetine-treated DG suggests that the dematuration can reinstate synaptic plasticity that is reduced with development (29, 30) or facilitated only during a critical period (15) , thereby potentially causing beneficial effects on the adult brain. Chronic fluoxetine can indeed restore neuronal plasticity in the visual cortex of adult rats (3). Although we showed reduced perforant path LTP in fluoxetine-treated DG, Wang et al. have shown an enhancement of LTP induced in the presence of intact synaptic inhibition in slices prepared from SvEv129 mice (8) . The discrepancy in the results may be due to the difference in the strain of mice and/or use of disinhibited slices in our study (SI Methods). Perforant path LTP in slices with intact synaptic inhibition can be blocked by ablation of adult neurogenesis (8) and could be distinct from that in disinhibited slices (11) .
In conclusion, our results demonstrate that the established state of hippocampal neuronal maturation can be relatively easily changed by antidepressant treatments. This finding raises the possibility that the state of neuronal maturation, including aberrant maturation, can be controlled or corrected in adults, which suggests a unique approach to treat neuronal dysfunctions associated with neurodevelopmental disorders.
Methods
Drug Treatments. Male C57BL/6J mice, 5-HT 4 receptor homozygous mutant mice ( −/− ) and their wild-type ( +/+ ) littermates were singly housed from the age of 8 weeks. Following 1 week of acclimation, fluoxetine was orally applied in drinking water at a dose of 22 mg/kg/day for 4-5 weeks unless otherwise specified. Concentrations of fluoxetine were determined for individual mice. All procedures were approved by the institutional animal care and use committee. See SI Methods for more details.
Electrophysiology. Transverse hippocampal slices were prepared and electrophysiological recordings were made as described (27, 33) . Electrical stimulation was delivered in DG at 0.05 Hz unless otherwise specified and field excitatory postsynaptic potentials (fEPSPs) at the MF synapse were recorded in CA3. Wholecell current-clamp recordings were made from GCs in DG. See SI Methods for more details.
Histochemical Analysis. Brain sections were incubated with anti-calbindin-D-28K, anti-calretinin, anti-NeuN, or anti-c-Fos antibody, and subsequently incubated with secondary antibody labeled with Alexa Fluor 488 or Alexa Fluor 594. For labeling nuclei, sections were mounted with VECTASHIELD mounting medium with 4',6-diamidino-2-phenylindole (DAPI). Fluorescent images were captured using a microscope equipped with a digital camera. See SI Methods for more details.
Immunohistochemistry for BrdU. Neonatal mice were s.c. injected with 100 mg/ kg BrdU. After the fluoxetine treatment in adults, the brain sections were prepared for immunostaining with anti-BrdU antibody. Images were captured using a confocal microscope. See SI Methods for more details.
Immunoblot Analysis. Isolated DG was sonicated, and homogenates were centrifuged. Supernatants were electrophoresed on SDS-polyacrylamide gel and electroblotted onto PVDF membrane. The membrane was incubated with anticalbindin-D28-K or anti-GAPDH antibody and detected using HRP-conjugated secondary antibody and chemiluminescence. See SI Methods for more details.
Quantitative RT-PCR. RT-PCR was performed essentially as described (27) . Total RNA was isolated from the hippocampi of P6, P8, P14, P18, P21, P28,
